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ABSTRACT

Atmospheric stability is considered as one of the most important factors affecting the increase or decrease in wind speed in the atmosphere and
thus affects the wind energy density. This study aims to analyze the stability of the atmospheric conditions in southern part of Iraq, specifically in
the Ali Al-Gharbi region, using one of methods to determine atmospheric stability called Monin-Obukhov length . Field data of horizontal and
vertical wind speed and air temperature collected at three heights (10m, 30m, and 50m) in 2017 from tower installed in Ali Al-Gharbi region.
The results show that the vertical wind speed increases with height up to 30 m and decreases at 50 m, while the horizontal wind speed increases
as the height increases. The friction velocity , surface heat flux , momentum flux and shear stress were calculated and the stability conditions
were determined. Results revealed that stable atmospheric condition was the most frequent with about 59% occasions occurring during the year
followed by unstable (40%) and neutral (1%) conditions. The highest wind energy density was in stable conditions (0 < L< 200), with percentage
(58% - 57%) in spring season at both heights 10m and 50m, respectively, followed by unstable conditions (-200 < L < 0), while the lowest wind
energy density was in neutral conditions (-200 < L > 200) with percentage (1.3% - 0.8%) in autumn season.

Keywords: Atmospheric stability, Wind power energy, Monin-Obukhov length, Surface heat flux, Momentum flux.

The world is moving towards renewable energy (green,
alternative, or environmentally friendly energy) in the use and
consumption of energy (Hassan et al., 2024). Green energy sources
are clean, environmentally friendly, and renewable, and do not emit
harmful gases that pollute the environment, such as carbon dioxide,
nitrogen dioxide, and methane, and since their source are natural,
they are not exhausted (Singh ez al., 2021). Renewable energies have
the potential to provide relatively clean energy (Hadi et al., 2020).
Renewable energy generation and its technologies have different
sources, such as wind energy, sun energy, ocean energy, biomass,
hydropower, and geothermal energy resources (Munjong, 2022).
Wind energy has recently been considered one of the fastest-growing
energy sources due to its numerous applications and advantages.
Most energy-generating stations require large amounts of water and

is best suited to areas with strong wind speeds and moderate
turbulence intensity (Pérez et al., 2023). The convective layer is
a turbulent layer that affects horizontal wind movement and wind
energy (Hassoon and Roomi, 2023). The quantity of turbulence that
occurs in the atmosphere relates to the stability of the atmosphere
(Radiinz et al., 2020). Atmospheric stability can be divided
into three categories: stable, neutral, and unstable, in unstable
conditions, extensive mixing occurs in atmospheric layers, leading
to a smaller difference in wind speed and temperature, while in
stable conditions, mixing is limited in the layers, under neutral
conditions, mixing is equal, which leads to maintaining constant
temperature gradients and wind speed in the atmosphere (Pérez et
al., 2023). Meteorological factors affecting wind speed estimation,

wind energy does not require water to generate (Nwaigwe, 2021).

The most important parameter that must be taken into
consideration when designing and studying wind power conversion
systems is wind speed (Hadi et al., 2020). Wind energy production

such as turbulent intensity, atmosphere stability, surface roughness,
and wind shear, all these factors characterize the surface layer, and
these characteristics usually assume a neutral atmosphere, which
leads to changes in the predicted wind speed, and effects on energy
production.
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Fig. 1: Location of the study area and the meteorological 50 m tower at Ali Al-Gharbi meteorological station

The Monin—Obukhov ~ Similarity Theory (MOST)
determines the mean flow and mean temperatures in the surface
layer under non-neutral conditions as a dimensionless function of
height. The logarithmic wind profile for the neutral boundary layer
will be obtained by applying the mixed-length theory, which states
that the height logarithm is proportional to the horizontal component
of the mean flow. By characterizing vertical distributions of average
flow and temperature through known “universal functions” of
dimensionless height, (MOST) further generalizes the mixing
length theory under non-neutral situations. A major advancement
in contemporary micrometeorology was the development of the
MOST, which served as the theoretical foundation for several
micrometeorological experiments and measuring methods (Stiperski
and Calaf, 2023).

Pérez et al, (2023) explained that there was a clear
relationship between atmospheric stability and energy generation in
wind farms and showed that the fluctuation in atmospheric stability
conditions led to large differences in the estimation of energy
production. Abdalla et al., (2023) studied atmospheric stability and
its impact on wind power density for an entire year and showed
that the stable atmospheric condition dominated in all seasons and
ignoring it impacted the accuracy of estimating wind power density.
Resen (2023) conducted a wind resource assessment for the Ali Al-
Gharbi site and found that the Ali Al-Gharbi is the most suitable
region in southern Iraq for wind energy production. This study aims
to determine seasonal stability cases using the Monin-Obukhov
method and study its impact on wind energy productivity.

MATERIALS AND METHODS
Study location and observations

Ali Al-Gharbi city is 110 km northeast of Amara province
and is located at longitude of 46.6878°E, latitude of 32.4617°N and
situated at an altitude of 44 meters above sea level. Ali Al-Gharbi
region is considered as one of the most promising areas in terms
of producing electrical energy using wind turbines. A 50-meter
tower was erected by the Ministry of Science and Technology for
Scientific Research, Iraqi government at Ali Al-Gharbi to monitor
and evaluate weather parameters as a part of the projects of wind

energy and the construction of wind farms mission (Fig. 1).

The meteorological parameters recorded at the
meteorological tower station were wind speed (vertical and
horizontal) and its direction, temperature, in addition to other
parameter (neglected in this study) such as relative humidity,
pressure, radiation intensity, and rainfall, etc. at 10-minute intervals
and three heights (10, 30 and 50 meters). The devises installed on
meteorological tower were Stylitis-100 loggers from the Greek
company (Symmetron), and sensors from the American company
(Renewable NRG Systems). Table 1 describes details sensor type,
time interval, accuracy etc. The current study is considered part of
many academic studies that addressed the impact of the issue of
atmospheric stability on the intensity of wind energy production.

Determining atmospheric stability conditions

In order to determine the atmospheric stability conditions
during the year we followed the Monin-Obukhov Similarity Theory.
And to determine the Monin-Obukhov length (L) the wind shear
stress, frictional velocity and sensible heat flux were computed as
described below;

Shear stress

Stress is defined as the force of friction exerted per unit
area, and this force is parallel to the surface. One of the types of
stress used in atmospheric sciences is shear stress, which is given
by the following equation (Kumar, 2022):

7= pu? (1)

Where (p) is the air’s density of 1.2 kg m, and (u,) is the friction’s
velocity. The friction’s velocity (u,) is determined by the following
formula (Roomi, 2000):

w = (%) @)

Where (1) represents the shear stress. In most meteorological
applications, the shearing stress can be assumed irrespective of
height in the shallow layer and hence equal to its value at the surface
(Roomi, 2000).
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Table 1: Specifications of the sensors installed in Ali Al-Gharbi meteorological tower

Sensor type Parameter Country of manufacture Time interval Accuracy Sensor range
NRG 110SC (4429)  Air temperature USA 10 minutes +0.43C° (-40 C°) to (65 C°)
NRG #40C Horizontal wind speed USA 10 minutes +0.15ms’! (0.33ms"to(24 ms™"
RMY 27106T _C Vertical wind speed USA 10 minutes +0.1 ms! +15ms’!
1
T — = — 6
w= ()= Vuw ) weD=3p ©

Assuming that (u’) and (w’) are simply equivalent
in size, it can be concluded that (u,) represents the amplitude of
velocity changes in turbulent layer flow (Foken and Mauder, 2024).
Particular instruments can calculate (u,) directly by measuring (),
such as Gill’s and Drag anemometers (Phillips et al., 2021).

Sensible heat flux

Heating flux, often known as sensible heat , is the transfer
of heat from the earth’s surface to the atmosphere. Typically, this
amount is 1/3 to 1/2 of the heat absorbed by sunlight at the surface,
with the remainder shared between heat conserved in the earth and
the heating required to evaporate liquid from soil and vegetation
(Fiorillo et al., 2023). The sensible heat flux is calculated by
determining the turbulent changes in vertical wind velocity and
temperature as in the equation (Roomi, 2000):

H = Cpp w'T’! (4)

Where (w) represents vertical velocity, (T) is the temperature, and
(cp) is the specific heat at a constant pressure. The overbar represents
a temporal average, whereas the prime denotes variation from the
averaged quantity, and the average is considered as the average
covariance between the temperature turbulent part and the vertical
turbulent part (Morrison et al., 2021).

Monin—Obukhov similarity theory (MOST)

The Monin-Obukhov length (L) is the most widely
utilized aspect ratio for atmospheric stability. it is defined as a scale
parameter, because it indicates the relationship between mechanics
and convective turbulent production. (L) is calculated using the
equation as follows (Hassoon and Al-Dabbagh, 2023; G¢men et
al., 2016):

CppT ui

T ®)

Where (T) is the mean surface layer temperature, (k)
is a von Karman constant (0.4), and (H) is the sensible heat flow
(Holtslag et al., 2014). The classification of atmospheric stability
according to The Monin-Obukhov length (L) method used in this
study were stable (0 < L <200), unstable (-200 <L <0), and neutral
(-200 <L >200) (Roomi, 2000).

Wind power density (WPD)

Power density refers to the amount of power generated
per unit area of the turbine’s rotor-swept area. (WPD) is determined
in (W m?) and can be calculated by the following equation (Al-
Knani, 2015):

Where (p) represents air density and (u) represents horizontal
wind speed. Wind power is not entirely efficient, with a theoretical
maximum mechanical efficiency of only 59.3% for turbines. In
the present research, we will compute and identify the wind power
density and wind classification at various heights (30m, and 50m).

Wind energy density

Energy estimation at a chosen location is one of the most
crucial phases in wind energy projects. The standard used to assess
the site’s energy potential is typically the amount of wind energy
that is accessible within the regime across time (Al-Knani, 2015).
Energy can be expressed as the following equation:

E=(WPD) Ti 7

Where (7i) represents the period; for instance, (7i) equals (720)
hours for a monthly length, or (8§760) hours for an annual duration.

RESULTS AND DISCUSSION
Relationship between horizontal and vertical wind speed

The horizontal and vertical wind speed recorded at 10-
min interval was transformed to daily average from January 1 to
December 31 of year 2017 and are presented in Fig. 2 (a, b, c).
The vertical wind speed increases with a height from about 0.06
m s at 10m height to 0.28 m s at 30m and decreases to 0.12 m
st at 50m height. The standard deviation of vertical wind speed
was higher (£ 0.9 m s) at 50m than that at 30m (£ 0.17 m s™). The
horizontal wind speed component on an average was an order higher
than the vertical wind speed component and increased with height
with values of 3.5 m s, 5.0 ms' and 5.7 m s at 10m, 20m and 30m
heights respectively. Its fluctuations were 0.06 m s, 0.2 m s and
0.1 m s! at height 10m, 30m and 50m respectively showing highest
at 30m height.

The relation between horizontal and vertical components
of winds are better explained through scattered plots (Fig 3).
The behavior of change in vertical and horizontal wind at 30m is
more explained clearly (Fig. 3 b) with a high value of correlation
coefficient (0.976) which indicate that as the horizontal wind speed
increases the vertical wind component proportionally increases.
The correlation coefficients between two components of winds are
0.559 at 10m and 0.695 at 50m. This height of 30m is considered
as the transfer zone between the friction layer and the interval layer
in upper air when horizontal wind speed becomes accelerated to a
height speed of about 14 m s'in 50m at this location see (Fig. 2
¢). The relations developed (Fig. 3) characterize the very important
effect on the selected height to install the turbine and to study the
effect of stability on wind energy productivity.
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Shear stress and friction velocity

Friction velocity known as the velocity of the eddy, this
eddy is very significant in the turbulent assessment, its results
from the differences and fluctuation of horizontal wind speed with
height, also vertical wind speed. Thus, friction velocity depends
on the wind speed value, most horizontal velocity transforms to
downward, this downward flow caused stress and pressure on the
ground surface and this stress resulted from mechanical turbulence
and shear velocity. Eddy velocity or shear velocity calculation is
particularly important on wind turbine blades because it will move
this blade to produce electric electricity. The horizontal wind speed
and friction velocity recorded during January to December 2017 at
three heights are presented in Fig.4.

The horizontal wind speeds were 3.5 £ 2.9 m s',5.0 £+
32 ms! and 5.7 + 3.5 m s respectively at 10m, 30m and 50m

September 2024

heights. The friction velocity was 0.13 + 0.11 m s and 0.1 + 0.08
m s’'s at height 30m and 50m respectively (Fig. 4 b & ¢). The large
fluctuation in friction velocity depends on roughness and convective
conditions, according to that, there isn’t a clear relationship between
horizontal wind speed compound and friction velocity at 10 m
height.

Air temperature and surface heat flux

Air temperature has a significant effect on the horizontal
wind speed, because the moving air parcel has large acceleration
to the upward restricted horizontal movement air mass parcel.
Vertical movement, and sensible heat flux, considered one of the
causes of instability and atmospheric turbulence. Surface heat
flux is positive during the daytime and moves upward, while it’s
negative at nighttime and moves downward. The sensible heat flux
based on homogeneous recorded data shows that when there is a
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Fig. 2: Time sires for horizontal and vertical wind speed at heights (a) 10m, (b) 30m, and (c) S0m during January to December 2017 at Ali

Al-Gharbi Iraq.
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Fig. 3: Relationship between horizontal and vertical wind speed at heights (a) 10m, (b) 30m, and (c) 50m, at Ali Al-Gharbi Iraq.
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Fig. 4: Time series of horizontal wind speed and friction velocity (eddy wind velocity) at heights (a) 10m, (b) 30m, (c) 50m.
large fluctuation in recorded vertical wind, there are large values of especially important maximum record to surface sensible heat flux
surface heat flux (Fig. 5 a) in April and autumn. On the other hand, (w'T") (Fig. 5 b). The effect of the horizontal wind speed value with

also large value of vertical velocity acceleration (w’) will have an height can be seen in Fig. 6 (a & b).
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Fig. 7 shows the effect of air temperature on the surface
heat flux. At low temperatures, the surface heat flux values are
small and when temperature increases and instability increases, the
surface heat flux becomes large. The surface heat flux values were
1.3+ 15.1 Nm?and 53 +28.4 N m?at 10m and 50m respectively
(Fig. 7 a & b). It’s taken high values at a high level relative to a
height near to the ground. Air temperature near the ground has a
significant effect on activation of air temperature that enlarges with
eddy motion.

Relationship between momentum flux and surface heat flux

In the atmospheric boundary layer two forces are important
from stability point of view. The first one is the horizontal force or
mechanical force that act in the horizontal direction and referred to

as momentum flux (#'w’), The second one is the convection force
that actions in vertically and represents the most buoyancy force
of air mass that moves upward and downward because it is bouncy
relative to the environment. In Fig. 8 (a, b) momentum flux (u'w’) is
plotted in against surface heat flux at height (a) 10m and (b) 50m.
At 10m vertical flux force (w'T”) is so active relative to horizontal
force (u'w'), the relation coefficient is 0.2, this refers to the activity
of ground heating and buoyancy of air near the ground. Momentum
flux at 10m has values ranging from -50 to +100 N m2, and most
momentum flux in values are within £0.05 m™ s range at 50m.
Thus, most momentum flux be in range from -80 to +100 N m, and
momentum flux in range £0.150 m™ s2. There is large dispersion in
data at 50m more than that at 10m because increase horizontal force
and enlarged the eddy motion, far from earth ground, and roughness
element.
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Monin-Obukhov length (L)

The momentum and heat flux deals with the two forces
acting in the atmosphere, one action in the horizontal and second
vertical direction. The two forces determine atmospheric stability
in the atmospheric surface layer. Monin-Obukhov considers very
important indices in the surface boundary layer, referring to positive
and negative signs values and zero, all these indicate stability, at
different heights, where the horizontal and vertical force (momentum
and heat flux) change. Fig. 9 (a,b,c,d) shows the behavior of (L)
values according to seasons. During the daily cycle, three cases of
atmospheric stability appear to us, during daytime hours, weather
conditions are often unstable, while during the night hours stable
weather conditions dominate, while neutral weather conditions are
a transitional state between stable and unstable weather conditions
(an hour after sunrise and an hour before sunset). It shows unstable
conditions more than in seasons summer and autumn, while neutral
conditions decrease to small values at autumn season. The stability
index (z/L) is also calculated according to a height of measurement
at 10m and 50m. Fig. 10 shows the relationship between stability
index (z/L) at heights 10m and 50m and momentum flux (), it
has large values of momentum flux concentrated in the neutral
conditions. While at unstable conditions (negative z/L), and stable

conditions (positive z/L) the momentum flux has a small value. The
relationship between heat flux or sensible heat flux with stability
index (z/L) are explained in Fig. 11 (a & b). The large values of
heat flux are found in neutral conditions but the difference in the
heat flux is positive in the stable conditions (+ z/L) and negative in
the unstable conditions (- z/L).

Effect of Monin-Obukhov length (L) on wind energy density (E)

Table 2 shows the mean wind speed, wind power density,
and wind energy density at two heights (30m and 50m), for
different states of atmospheric stability (Stable (S) Unstable (UN),
and Neutral (N)). In the Neutral (N) atmospheric conditions, the
highest values of mean wind speed and wind power density were
(6.2 m s? - 142.9 W m?) at a height of (30 m). While at the height
of (50 m), the highest values of mean wind speed and wind power
density were (7.1 m s? - 214.7 W m™), but the lowest seasonal
frequencies occurred in the conditions of neutrality for all heights,
and the frequency rate was approximately 1%. In the Unstable (UN)
atmospheric conditions, the lowest values of mean wind speed and
wind power density were (4.4 m s? - 51.1 W m?) at a height of (30
m). In height (50 m), the lowest values of mean wind speed and wind
power density were (5.1 ms2-79.5 W m?). According to Stable (S)
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atmospheric conditions, the lowest values of mean wind speed and
wind power density were (6.1 m s - 136.1 W m?) at a height of (30
m). While at the height of (50 m), the lowest values of mean wind
speed and wind power density were (6.8 m s - 188.6 W m™). The
highest wind energy density in sable atmospheric conditions was
(238079.2 W m? h! - 174778.2W m h'') with percentage (58% -
57%) in the spring season at both heights, respectively, while the
lowest wind energy density in neutral atmospheric conditions was
(1421.3 Wm? h'—1502.5 W m? h'") with percentage (1.3% - 0.8%)
in autumn season at both heights, respectively. From the results of
the table, it can be concluded that the highest wind energy density

was in stable conditions, followed by unstable conditions. While in
neutral conditions, wind energy density was the lowest due to its
extremely low frequency in all seasons.

CONCLUSIONS

This study evaluated atmosphere stability using the
Monin-Obukhov length method and the analysis revealed that the
vertical wind speed exhibits a rise until reaching a height of 30 m,
after which it experiences a drop at 50 m. Conversely, the horizontal
wind speed shows a positive correlation with increasing height.
The values of frictional velocity exhibit significant fluctuations,
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Table 2: Seasonal variation of wind speed (m s?2), wind power density (W m?), and wind energy density (W m? h'!) at two heights (30 m - 50

m) under three stability classes

Height 30m Height 50m
Seasons Stability class Wind speed Wind power Wind energy Wind speed Wind power Wind energy
(ms?) density density (ms?) density density
(W m?) (W m?2h') (W m?) (W m?2h')
5 UN 4.4 51.1 46578.5 5.1 79.5 100112.7
é N 5.9 123.2 1596.6 6.6 172.9 2240.7
g S 4.6 58.4 72280.5 5.2 84.3 75202.3
o UN 6.1 136.1 120679.8 6.8 188.6 170526.4
§ N 6.2 142.9 2079.1 6.3 150.1 2949.4
g S 6.1 136.1 174778.2 6.8 188.6 238079.2
5 UN 49 70.5 61331.4 5.7 111.1 95914.8
g N 5.4 94.4 2292.1 6.1 136.6 2714.2
Z S 5.1 79.5 104268.2 5.7 111.1 146694.2
o UN 4.4 51.1 45469.8 4.8 66.3 88712.1
‘§ N 6.1 136.1 1502.5 7.1 214.7 1421.3
< S 4.4 51.1 66794.3 5.3 89.3 77094.4

Note: UN-Unstable, N- neutral, and S- stable

making their relationship with horizontal wind speed unclear.
Elevated magnitudes of vertical and horizontal wind velocities
influence the highest magnitudes of surface heat flux. The surface
heat flux values are influenced by the air temperature, with higher
air temperatures resulting in larger surface heat flux. The surface
heat flow gets stronger compared to the momentum flux at a height
of 10 m, however, the situation is reversed at a height of 50 m. The
occurrence of stable weather conditions is most prevalent across
the four seasons, followed by unstable and neutral situations. The
highest frequency (59%) occurred in stable atmospheric conditions
followed by unstable conditions (40%) at heights of 50m. The
lowest frequency (1%) occurred in neutral atmospheric conditions.
The highest wind energy density was in stable conditions with
a percentage 58% - 57% in the spring season at both heights,
respectively, followed by unstable conditions. While the highest
wind energy density was in neutral conditions with a percentage
(1.3% - 0.8%) in the autumn season at both heights respectively,
wind energy density was the lowest due to its exceptionally low
frequency in all seasons. The highest monthly values of wind power
density and wind energy density can be noticed in June and July,
and the lowest values can be observed in January and February.
Therefore, the summer has a higher wind power density than other
seasons. Thus, it is significant to consider atmospheric stability
conditions when estimating wind energy at a site to prevent errors in
energy production estimates.
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